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Aquaporins (AQPs) are a family of integral membrane proteins that facilitate the osmotically induced transport of water and certain small solutes (e.g., ammonia) across cellular membranes (19) . Thirteen AQPs (AQP0-AQP12) have been identified in mammals, and eight of them are expressed in kidneys (34) . Aquaporin-8 (AQP8) was sequenced in mouse (29) , rat (17) , and human (22) , and it has been detected in many tissues and organs. In rat kidney, AQP8 is localized almost exclusively in intracellular domains of proximal tubule cells (12) . Weak labeling was reported in collecting duct cells. AQP8 expression was demonstrated in the inner mitochondrial membrane (IMM) of rat hepatocytes (5), mouse central nervous system stem cells (23) , and rat kidney (26) . To our knowledge, there are still no reports about AQP8 mitochondrial expression in human renal cells. AQP8 is permeable to water, but it can also facilitate ammonia transport (16, 18, 27, 39) . The functional role of mitochondrial AQP8 (mtAQP8) in diverse tissues remains unknown. Surprisingly, in spite of its high water conductance, AQP8 does not appear to contribute greatly to the facilitated transport of water across the mitochondrial membrane (6, 13, 48) . Recently, Soria et al. (40) reported that AQP8 efficiently facilitates the diffusional transport of NH 3 through mitochondrial membranes.
Based on the evidence showing that 1) mitochondrial ammonia synthesis in proximal cells and its urinary excretion is a key response to maintain acid-base balance during metabolic acidosis, 2) AQP8 is localized in IMM of renal proximal cells, 3) AQP8 facilitates diffusional transport of ammonia, and 4) it is still unknown the mechanism of ammonia transport from the mitochondria to the cytoplasm, we hypothesized that AQP8 is involved in mitochondrial ammonia transport in renal proximal cells and that it plays a role in the adaptive response to metabolic acidosis.
We evaluated whether AQP8 knockdown by RNA interference is able to impair ammonia excretion in the human renal proximal cell line, HK-2. We also evaluated mtAQP8 expression in response to metabolic acidosis in HK-2 cells and in vivo in a rat model.
MATERIALS AND METHODS
Synthesis of short-interfering RNA. The 21-nucleotide RNA duplexes were synthesized using the Silencer short-interfering RNA (siRNA) kit (Ambion, Austin, TX) following the manufacturer's directions. Oligonucleotides synthesized by Invitrogen were used as templates. A target sequence was chosen following the guidelines described by Elbashir et al. (11) . This siRNA was specifically targeted to nucleotides 177-197 (AACGGTTTGTGCAGCCATGTC) of human AQP8. Larocca et al. (24) described that this siRNA decreased AQP8 expression in HepG2 cells. The control siRNA (SCR) was designed by randomly scrambling the nucleotides of the siRNA specific for AQP8 (AATGTGTCCGTGAGCACGTCT).
Cell culture and treatments. Human kidney-2 (HK-2) cells were purchased from the American Type Culture Collection (Manassas, VA). The HK-2 cell line was derived from a primary proximal tubule cell culture of normal adult human renal cortex immortalized by exposure to a recombinant retrovirus containing the HPV 16 E6/E7 genes (38) . These cells retain a phenotype indicative of well-differentiated proximal tubule cells (they are positive for alkaline phosphatase, ␥-glutamyltranspeptidase, leucine aminopeptidase, acid phosphatase, cytokeratin, and ␣ 3␤1-integrin). In addition, these cells exhibit functional characteristics of renal proximal tubular cells such as Na ϩ -dependent sugar transport, adenylate cyclase responsiveness to parathyroid hormone, and lack of response to antidiuretic hormone (38) . HK-2 cells are a recognized model to study human renal proximal tubule cell biology (2) . HK-2 cells were grown and passaged as previously described (3) in a 50:50 mixture of low-glucose Dulbecco's modified Eagle's medium (DMEM) and Ham's F-12 medium, supplemented with 10% FBS and antibiotics (50 U/ml of penicillin G and 50 g/ml of streptomycin) at 37°C in a 100% humidified atmosphere of 5% CO 2-95% air. Routinely, cultures were nourished three times a week.
Knockdown of AQP8 expression by RNA interference. HK-2 cells were trypsinized and plated in 35-mm plastic petri dishes at a density of 3 ϫ 10 5 cells/dish in antibiotic-free medium. After 18 h of culture (60% confluence), HK-2 cells were transfected with 75 nM siRNA specific for AQP8 or SCR using Lipofectamine 2000 transfection reagent (Invitrogen), according to the manufacturer's instructions. Culture medium samples were removed after 24 and 48 h to assess ammonia concentration and cell viability. Cells were harvested, and mitochondrial-enriched fractions were prepared to evaluate mtAQP8 protein expression 24 and 48 h posttransfection by immunoblotting. In another experiment, after 48 h of transfection, culture medium was removed and one-half of the cells treated with SCR or siRNA were exposed to control medium (pH 7.4) and the other half to acidic medium (pH 6.9) for 24 h. After this period, culture medium samples were collected, and cells were harvested to analyze mtAQP8 expression.
Metabolic acidosis. To model metabolic acidosis, medium was acidified by titrating the control medium with HCl. After stabilization in the incubator, culture medium pH was measured using a pH microelectrode (Horiba Twin pH B-213). Confluent cell monolayers were adapted to metabolic acidosis by incubating them at pH 6.9 medium for 24 or 48 h. Control cells were grown at pH 7.4 medium for the same time periods. The osmolality of the culture medium in the absence and presence of cells under control and acidic conditions was measured using an osmometer (Osmomat 030; Gonotec, Berlin, Germany). Osmolality of acidic medium was not different from control medium (302 Ϯ 8 mosmol/kgH 2O).
Ammonia assay. Total ammonia released in the culture medium was analyzed enzymatically using a commercial kit (Ammonia. Enzymatic UV-Method; Randox). This method is based on the GDH reaction. Ammonia combines with ␣-oxoglutarate and NADH in the presence of GDH to yield glutamate and NAD ϩ . The corresponding decrease in absorbance at 340 nm is proportional to the ammonia concentration. Medium incubated for the same time periods without cells was used as blank. Results are expressed as micromole of ammonia per milligram of protein in the whole cell homogenate per hour.
Cell viability studies. Lactate dehydrogenase (LDH) activity was measured in culture medium to assess cell viability using a commercial kit (LDH-P UV AA; Wiener Laboratories, Rosario, Argentina). Cell viability was also evaluated using CellTiter 96 Nonradioactive Cell Proliferation Assay (Promega, Madison, WI). This assay is based on the conversion of the tetrazolium salt, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT), into a formazan product detected spectrophotometrically at 570 nm. The MTT assay α Fig. 1 . Ammoniagenesis in renal proximal tubule cells. Glutamine (Gln) is taken up by apical and basolateral plasma membranes and then transported into the mitochondria. Gln is converted to glutamate (Glu) by phosphate-dependent glutaminase (GA) and further metabolized to ␣-ketoglutarate (␣-KG) via glutamate dehydrogenase (GDH), releasing two molecules of NH 4 ϩ per Gln molecule. The metabolism of ␣-KG generates two HCO 3 Ϫ ions that are transported into the venous blood. The apical Na ϩ /H ϩ exchanger (NHE3) transports NH 4 ϩ in the luminal fluid. Because it is still unknown the mechanisms of ammonia transport from the mitochondria to the cytoplasm, we hypothesized that AQP8 could be involved in this process. Circles indicate transport proteins. Mal, malate; OAA, oxaloacetic acid; NBC1, Na ϩ /3HCO 3 measures mitochondrial dehydrogenase activity, a marker of energy production and cell viability (31) . Preparation of mitochondria, mitoplasts, and IMM vesicles from HK-2 cell culture. The cells (ϳ5 ϫ 10 6 ) were harvested and homogenized in 0.27 M sucrose, 5 mM Tris·HCl, 1 mM EGTA, pH 7.4, containing 0.1 mM phenylmethylsulfonyl fluoride (PMSF) and 0.1 mM leupeptin (Sigma Chemical, St. Louis, MO) using a Dounce homogenizer. The homogenate was centrifuged at 600 g at 4°C to obtain postnuclear supernatants. These supernatants were centrifuged at 6,000 g for 15 min, yielding the mitochondrial-enriched fractions (5). To prepare mitoplasts and IMM vesicles, 2 ϫ 10 7 cells were harvested, and mitochondria-enriched fractions were prepared as above. The preparation of mitoplasts was performed by using a detergent to remove the outer mitochondrial membrane as described previously (5, 37) . Briefly, digitonin (Sigma) was added to a suspension of mitochondria (100 mg of protein/ml) to a final concentration of 0.6% wt/vol in isolation buffer and incubated for 15 min on ice under gentle stirring. After dilution with 3 vol of isolation buffer, the suspension was centrifuged at 15,000 g for 10 min at 4°C. The resulting pellet (mitoplasts) was washed and resuspended in isolation buffer. Mitoplasts were sonicated for six 5-s bursts at maximum energy setting with 30-s cooling periods. After sonication, mitoplasts were diluted with an equal volume of isolation buffer and centrifuged at 15,000 g for 10 min at 4°C. The resulting pellet was resuspended in 10 vol of isolation buffer and centrifuged again at 100,000 g for 1 h. This final pellet corresponded to the IMM vesicles. Proteins were determined according to Lowry et al. (28) using BSA as a standard.
Animal model. Adult male Wistar rats (300 -350 g) were maintained on a standard diet and water ad libitum and were housed in a temperature-and humidity-controlled environment under a constant 12:12-h light-dark cycle, according to the Guide for the Care and Use of Laboratory Animals (National Institutes of Health). Protocols were approved by the local Animal Welfare Committee. To induce acidosis, animals were given 0.28 M NH 4Cl/ 2% sucrose in the drinking water for 2 or 7 days as previously described (32, 36) . Control groups received only 2% sucrose in the drinking water for 2 or 7 days (n ϭ 4 -6/experimental group). During the last 16 h, animals were housed in metabolic cages (Nalgene Labware, Rochester, NY). Urine was collected under mineral oil. At the end of the experiment, rats were anesthetized with sodium thiopental (70 mg/kg body wt ip), and heparinized arterial blood was collected from the femoral artery and analyzed immediately for pH and blood gases. Both kidneys were removed to prepare cortical mitochondrial fractions.
Blood and urine analysis. Blood pH, pCO 2, and HCO 3 Ϫ concentration were analyzed on a blood gas analyzer (AVL Compact 3). Urine pH was measured using a pH microelectrode (Horiba Twin pH B-213). Urinary and plasma creatinine was determined by a kinetic alkaline picrate method (Jaffé reaction) with a commercial kit (Wiener Laboratories). Ammonia concentration in urine was measured using a commercial kit (Ammonia Enzymatic UV-Method; Randox) as previously described.
Preparation of mitochondria and mitoplasts from rat kidney cortex. Once excised, kidneys were decapsulated, and the cortex was dissected out and minced. All of the steps were performed at 4°C. Cortex was homogenized in isolation buffer (5 ml/g of tissue) consisting in 0.27 M sucrose, 5 mM Tris·HCl, and 1 mM EGTA, pH 7.4, containing 0.1 mM PMSF and 0.1 mM leupeptin (Sigma Chemical) in a motordriven Teflon-glass Potter homogenizer (10 strokes at 800 rpm). The homogenate was centrifuged at 600 g for 10 min at 4°C, and the pellet consisting in nuclei and unbroken cells was discarded. Mitochondriaand mitoplast-enriched fractions were prepared as described above for HK-2 cells (5, 37). Aliquots of the submitochondrial fractions were stored at Ϫ70°C until used within a few days. Protein concentration was determined according to Lowry et al. (28) .
Immunoblotting analysis. Aliquots (30 g protein) of isolated mitochondria from HK-2 cells or mitoplast from rat kidney cortex were subjected to sodium dodecyl sulfate-12% polyacrylamide gels (SDS-PAGE). Samples were boiled 3 min in the presence of 5% 2-mercaptoethanol and 1% SDS. Five microliters of prestained molecular weight standards were also loaded onto the gel (Bio-Rad). The separated proteins were transferred to polyvinyl difluoride membranes (NEN Life Sciences Products, Boston, MA) in Tris-glycine transfer buffer with 20% methanol in a mini-blotter (Sigma-Aldrich). Uniform protein loading and transference to the membrane was verified by staining with Ponceau 2R before blocking procedures. The membranes were blocked in 5% low fat milk in PBS for 1 h. After being washed, blots were incubated overnight at 4°C with rabbit affinitypurified antibody against rat AQP8 (1 g/ml; Alpha Diagnostics International), goat antibody against human AQP8 (1 g/ml, sc-14982; Santa Cruz Biotechnology), rabbit antibody against rat phosphate-dependent GA (kind gift of Dr. Norman Curthoys), or rabbit antibody against human prohibitin (1 g/ml; Abcam, Cambridge, RT-PCR of glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 451 bp) was performed to confirm the presence of cDNA. MW, DNA molecular weight standard. B: immunoblot analysis for AQP8 in HK-2 whole cell homogenate (H) and in submitochondrial compartments. Immunoreactivity is observed in H, mitochondria (MT), mitoplast (MP), and inner mitochondrial membrane (IMM). Note the AQP8 enrichment among mitochondrial fractions. Prohibitin (Pro) was used as an IMM marker. C: immunofluorescence image obtained by confocal microscopy showed AQP8 (green) localization in intracellular punctuate structures throughout the cytoplasm with no labeling on plasma membranes. Nuclear 4=,6-diamidino-2-phenylindole staining is in blue. UK). The blots were then washed and incubated with the horseradish peroxidase-conjugated corresponding secondary antibodies. Protein bands were detected by an enhanced chemiluminescence detection system (Pierce). Autoradiographs were obtained by exposing the membranes to Kodak XAR films (Eastman Kodak, Rochester, NY), and the bands were evaluated by densitometry using Gel-Pro32 software (Gel-Pro Analyzer; Media Cybernetics, Silver Spring, MD).
Confocal immunofluorescence microscopy. Cells were fixed with 4% paraformaldehyde for 15 min. Fixed cells were permeabilized and blocked with 0.2% Triton X-100/3% BSA for 30 min, and incubated overnight at 4°C with goat antibody against human AQP8 (10 g/ml). After being washed, cover slips were incubated with Alexa 488-conjugated rabbit anti-goat secondary antibody for 1 h. Cover slips were washed, incubated with 50 M 4=,6-diamidino-2-phenylindole (Molecular Probes) for 10 min, and mounted with ProLong (Molecular Probes). Fluorescence localization was detected by confocal microscopy (Nikon C1SiR with inverted microscope Nikon TE200). Controls omitting primary or secondary antibodies revealed no labeling.
RNA isolation and RT-PCR analysis.
Total mRNA was isolated from HK-2 cell monolayers using Trizol Reagent (Invitrogen, San Diego, CA) following the manufacturer's protocol. RNA concentration and purity were measured by ultraviolet spectrophotometry. Total RNA (1 g) was reversed transcribed by using Moloney murine leukemia virus reverse transcriptase (Invitrogen), according to the manufacturer's instruction. The cDNA was amplified using PCR with primers (forward GCCTGTCGGTCATTGAGAAT and reverse CCA-GATGCATTCCAGAACCT) designed to amplify a specific sequence of human AQP8 (nucleotides 241-507) (24) . cDNA from HepG2 (derived from human hepatocarcinoma) and from HeLa (cell line derived from human cervix adenocarcinoma) cells were also amplified as positive and negative controls, respectively. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was also amplified to confirm the presence of cDNA. The sequences of the primers used were as follows: forward CCACAGTCCATGCCATCAC and reverse TC-CACCACCCTGTTGCTGTA. They amplify a sequence of human GAPDH from nucleotide 628 to1079. RT negative controls were performed by omitting the reverse transcriptase. The amplification Fig. 3 . mtAQP8 knockdown in HK-2 cells and its effect on ammonia excretion. RNA interference experiments were performed as described in MATERIALS AND METHODS. HK-2 cells were transfected with oligo RNA duplexes targeting specific sequences of human AQP8 mRNA [short-interfering RNA (siRNA)] or a control scrambled siRNA sequence (SCR). A: expression of mtAQP8 and GA, a key mitochondrial ammoniagenic enzyme, was analyzed 24 or 48 h after transfection in mitochondrial-enriched fractions by Western blot. Pro, an IMM protein, was used as loading control. Densitometric analysis for mtAQP8 and GA is shown. The figure shows that AQP8 siRNA induced a specific decrease in mtAQP8 expression 48 h posttransfection. Data are expressed as a percentage of SCR and represent means Ϯ SE of three independent experiments. *P Ͻ 0.05 vs. SCR. B: rate of ammonia released in the culture medium in SCR-or siRNA-transfected cells. Ammonia was measured in the culture medium 24 and 48 h after transfection. Data are expressed as mol of ammonia·mg of protein in whole cell homogenate Ϫ1 ·h Ϫ1 . siRNA-transfected cells accumulated less ammonia in the medium 48 h posttransfection. Results are expressed as means Ϯ SE; n ϭ 6/experimental group. *P Ͻ 0.05 vs. SCR. C: effect of mtAQP8 knockdown on ammonia excretion in response to acidosis. Posttransfection (48 h), cells treated with SCR or siRNA were exposed to control (pH 7.4) or acidic (pH 6.9) medium for 24 h. The acid-induced ammonia released to the culture medium was expressed in SCR-or siRNA-transfected cells as the difference between pH 6.9 and 7.4 values. Data are expressed as mol of ammonia·mg of protein in whole cell homogenate Ϫ1 ·h
Ϫ1
. AQP8 knockdown significantly reduced the acid-induced change in ammonia excretion. Results are expressed as means Ϯ SE; n ϭ 6/experimental group. *P Ͻ 0.05 vs. SCR.
profile consisted of initial denaturation at 94°C for 5 min, followed by 35 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 1 min, and a final extension at 72°C for 5 min. PCR products were electrophoresed on a 2% agarose gel, and the bands were visualized by ethidium bromide staining.
Statistical analysis. Data are expressed as means Ϯ SE. Significance was determined using one-way ANOVA or Student's t-tests as needed. P Ͻ 0.05 was considered statistically significant.
RESULTS

HK-2 cells express AQP8 in mitochondria.
Although AQP8 expression has been described in rat kidney (5, 12, 26) , its protein expression in human kidney cells has not yet been reported. We investigated if HK-2 cells, a cell line derived from human renal proximal tubules, expressed AQP8. We evaluated the presence of AQP8 at the transcript level by RT-PCR using specific primers targeting the human AQP8 sequence. As shown in Fig. 2A , in HK-2 cells, a band with the expected size for human AQP8 was observed. HepG2 and HeLa cell cDNA were used as positive and negative controls, respectively (24) . No amplification was observed in experiments performed in HK-2 samples omitting RT.
AQP8 protein expression was studied by immunoblotting. We used an affinity-purified antibody raised against a peptide from the NH 2 -terminus of AQP8 of human origin. In submitochondrial fractions isolated from HK-2 cells, we detected a predominant band of ϳ28 kDa (corresponding to the nonglycosylated AQP8), which is strongly enriched in mitochondria and mitoplasts, and even more in IMM vesicles (Fig. 2B) . The relative enrichment in IMM was confirmed by immunoblotting using antibodies against the IMM marker prohibitin.
Consistent with a mitochondrial expression of AQP8 in HK-2 cells, our confocal immunofluorescence microscopy showed that AQP8 labeling localized to intracellular punctuate structures throughout the cytoplasm with no labeling in plasma membranes (Fig. 2C) . A similar distribution has been described previously for AQP8 in rat renal proximal tubules (12) . No immunofluorescence was observed in control experiments omitting the primary antibody (data not shown).
Decreased mtAQP8 expression by RNA interference and its effect on ammonia excretion. To explore a possible role of mtAQP8 in ammonia transport in HK-2 cells, we decided to knock down its expression by RNA interference. HK-2 cells were transiently transfected with oligo RNA duplexes targeting specific sequences of human AQP8 mRNA (siRNA) or a Fig. 4 . Effect of acidosis on mtAQP8 protein expression and ammoniagenic response in HK-2 cells. Confluent HK-2 cell cultures were exposed to control (pH 7.4) or acidic (pH 6.9) medium for 24 or 48 h. Enriched mitochondrial fractions were prepared as described in MATERIALS AND METHODS. A: representative immunoblots for mtAQP8 and GA. Pro, an IMM protein, is shown as control for equal protein loading. Densitometric analysis for mtAQP8 and GA protein abundance of 4 -6 separate experiments is shown. mtAQP8 and GA expression is increased after 48 h of acidosis. Data (means Ϯ SE) are expressed as a percentage of controls. *P Ͻ 0.05 vs. pH 7.4. B: ammonia production rate in response to 24 and 48 h of acidosis in HK-2 cells. Ammonia concentration was measured in culture medium after 24 or 48 h of cells grown in control (pH 7.4) or acid (pH 6.9) medium. Data are expressed as mol of ammonia·mg of protein in whole cell homogenate Ϫ1 ·h Ϫ1 . HK-2 cells are able to respond to acidification by increasing ammonia production rate. A greater increase was found after 48 h of acidosis. Results are expressed as means Ϯ SE; n ϭ 4/experimental group. *P Ͻ 0.05 vs. pH 7.4.
# P Ͻ 0.05 vs. pH 6.9 for 24 h.
control scrambled siRNA sequence (SCR). AQP8 expression was checked by immunoblotting in mitochondrial-enriched fractions 24 and 48 h posttransfection. Figure 3A shows that 24 h after transfection mtAQP8 expression was not changed. However, 48 h posttransfection a consistent and significant decrease in mtAQP8 expression (53%) was observed. GA expression did not change in the mtAQP8 knockdown cells. To test our hypothesis that AQP8 could be involved in mitochondrial ammonia transport in proximal tubule cells, we also measured ammonia concentration in culture medium from control and mtAQP8 knockdown cells. Figure 3B shows that 24 h posttransfection ammonia concentration did not differ from control. Nevertheless 48 h posttransfection, when AQP8 silencing is evident, the rate of ammonia released in the culture medium was decreased significantly.
Cell viability in AQP8 knockdown cells was analyzed by the LDH release into the culture medium and the MTT assay. There was no significant difference in LDH activity in AQP8 knockdown cells 48 h posttransfection (SCR: 100 Ϯ 2; siRNA: 106 Ϯ 2%, n ϭ 4). In the same way, no changes in MTT in AQP8 knockdown cells were observed (SCR: 100 Ϯ 3; siRNA: 110 Ϯ 3%, n ϭ 4). Taken together, these results suggest that mtAQP8 plays a role in ammonia excretion in HK-2 cells.
Because we observed that mtAQP8 knockdown cells excreted less ammonia when grown at pH 7.4, the following experiments were designed to determine if knockdown in HK-2 cells is able to increase the release of ammonia to the culture medium when they are exposed to acidosis. After the treatment with either SCR or siRNA for 48 h, the cultures were exposed to control (pH 7.4) or acidic (pH 6.9) medium for 24 h. After acid incubation, mtAQP8 and GA expression was checked, and ammonia concentration in culture medium was measured. The decreased expression of mtAQP8 was maintained after 24 h of acid exposure (Ϫ54%, P Ͻ 0.05), and GA expression remained unchanged (data not shown). The acidinduced increment in ammonia released to the culture medium was reduced significantly in cells treated with siRNA compared with SCR-treated cells (Fig. 3C) . These results provide additional support for the involvement of mtAQP8 in ammonia excretion.
Effect of acidosis on mtAQP8 expression and ammonia excretion in HK-2 cells. Confluent HK-2 cell monolayers were adapted to metabolic acidosis by exposing them to acidic medium (pH 6.9) for 24 or 48 h. Controls were exposed to pH 7.4 medium. We examined the effects of acidosis on mtAQP8 expression by immunoblotting (Fig. 4A) . In cells exposed to pH 6.9 during 24 h, AQP8 protein levels in mitochondrialenriched fractions were not modified. However, cells exposed to acidic medium for 48 h showed a significant increment in mtAQP8 protein expression. The same pattern was observed with GA protein expression. By contrast, the levels of prohibitin were not affected by treating HK-2 cells with acidic medium. An increase in the rate of ammonia released to the medium was observed after 24 and 48 h of exposure to acidic medium (Fig.  4B) . A greater increase was found after 48 h of acidosis, which is consistent with a higher mtAQP8 and GA expression in this group.
In vivo effects of acidosis on mtAQP8 expression. To induce metabolic acidosis, rats were given 0.28 M NH 4 Cl 0.28 ϩ 2% sucrose in the drinking water during 2 or 7 days. These treatments have been used extensively in rodents (32, 36) . Metabolic acidosis was confirmed by the decrease in plasma pH and HCO 3 Ϫ concentration after 2 and 7 days of NH 4 Cl loading (Table 1) . Urine pH was decreased, and urinary ammonia excretion was increased in both NH 4 Cl-treated groups. However, after 7 days of acid load, plasma pH, plasma HCO 3 Ϫ , and urinary ammonia excretion were significantly higher than after 2 days, confirming a partial compensation of acid-base balance. No changes were observed in glomerular filtration rate.
In mitochondrial fractions isolated from rat kidney cortex, we detected a predominant protein band of 28 kDa (corresponding to nonglycosylated AQP8) (Fig. 5A) . Consistent with previous reports (26), the AQP8 band was enriched in mitochondria, and further enriched in mitoplasts. Enrichment was also confirmed by immunoblotting using antibodies against prohibitin.
To evaluate the effects of metabolic acidosis on mtAQP8 expression, we performed immunoblotting of mitoplasts isolated from renal cortex of control and acid-loaded rats. As shown in Fig. 5B , although AQP8 protein levels were not different from control after 2 days of acidosis, they were significantly increased after 7 days. No changes in prohibitin were observed between the different experimental groups. In the same samples, we also evaluated the expression of GA as a control for the induction of ammoniogenesis. As it has been previously described (9) , GA protein expression increased after Results are expressed as means Ϯ SE; n ϭ 4 -6 animals/experimental group. GFR, glomerular filtration rate; Cr, creatinine. Blood and urine acid-base status was measured in rats receiving 0.28 M NH4Cl/2% sucrose in the drinking water for 2 or 7 days. Control rats received only 2% sucrose in the drinking water. Urine and arterial blood samples were collected as described in MATERIALS AND METHODS. *P Ͻ 0.05 vs. its respective control. #P Ͻ 0.05 vs. 2 days acidotic rats. acid loading. A higher increase was observed after 7 days compared with 2 days.
Thus, our in vivo results in rats, together with those in HK-2 cells support a role for mtAQP8 in the renal proximal tubule response to metabolic acidosis.
DISCUSSION
The main purpose of our study was to gain further insight about the role of the mitochondrial aqua-ammoniaporin, AQP8, in renal proximal tubule cells.
The proximal tubule is the primary site of renal ammonia production. Mitochondrial ammonia synthesis in renal proximal cells, and its urinary excretion, is a key response to maintain systemic acid-base balance. In aqueous solutions, ammonia exists in two molecular forms, NH 3 and NH 4 ϩ . A variety of specific proteins that can transport NH 3 or NH 4 ϩ in different regions of the kidney have been identified (45) . The Na ϩ /H ϩ exchanger, NHE-3, in the apical membrane of proximal tubule cells (20) , the apical Na (14) , and the basolateral NHE-4 (4) in the thick ascending limb of Henle's Loop and the basolateral Na Different studies demonstrated that rat, mouse, and human AQP8 efficiently facilitate the transport of NH 3 (16, 18, 27, 39, 47) . Our recent studies show that the heterologous expression of rat AQP8 in yeast mitochondria significantly increased NH 3 permeability over that of water. Moreover, rat liver mitochondria, which express AQP8 in inner membranes, showed markedly higher NH 3 permeability than AQP8-lacking brain mitochondria, but similar water permeability (40) . Taking into account studies showing that AQP8 appears to have minor relevance in the facilitated transport of water across mitochondrial membranes (6, 13, 48) , it is reasonable to suggest that diffusional transport of ammonia is a major function of AQP8 in mitochondria.
Some authors (26) have provided evidence that AQP8 is present in rat proximal tubule IMM fractions obtained from renal cortex. However, AQP8 mitochondrial expression in human renal cells has not been described so far. To our knowledge, this is the first report of AQP8 expression in HK-2 cells at a transcript and protein level. Immunoblotting using an affinity-purified antibody raised against human AQP8 revealed a band that was enriched in mitochondria, mitoplasts, and IMM vesicles isolated from HK-2 cells. The fact that HK-2 cells treated with siRNAs specifically designed for diminishing AQP8 expression distinctly decreased the immunolabeling in mitochondrial fractions strengthens our results.
We also showed that the rate of ammonia released to culture medium is reduced in mtAQP8 knockdown HK-2 cells. Silencing Fig. 5 . Effect of acidosis on mtAQP8 expression in kidney cortex from control and acidotic rats. A: immunoblot analysis for AQP8 in kidney cortex homogenates (H) and mitochondrial fractions. Immunoreactivity (an ϳ28-kDa band) is observed in mitochondria (MT) and mitoplasts (MP). Note the AQP8 enrichment among the fractions. Pro was used as an IMM marker. B: mtAQP8 and GA protein abundance evaluated by Western blot in mitoplasts isolated from kidney cortex of control and acid-loaded rats. Metabolic acidosis was induced by adding 0.28 M NH4Cl/2% sucrose to the drinking water for 2 or 7 days. Control rats received only 2% sucrose in the drinking water. Pro, an IMM protein, is shown as control for equal protein loading. As shown, mtAQP8 and GA are overexpressed after 7 days of acidosis. Densitometric analysis for mtAQP8 and GA protein abundance of 6 rats/experimental group are shown. Data (means Ϯ SE) are expressed as a percentage of controls. *P Ͻ 0.05 vs. control.
# P Ͻ 0.05 vs. 2 days acidotic rats.
of AQP8 did not change the expression of GA, the rate-limiting enzyme of ammonia mitochondrial synthesis. Although other ammonia transport pathways cannot be disregarded, our experiments point at AQP8 as a protein involved in ammonia excretion. A major physiological role of AQP8 in renal ammonia handling has been questioned, since AQP8 null mice show defects in renal ammonia excretion only in response to acidosis by chronic NH 4 Cl loading (47) . Nevertheless, since ammonia transport is critical to maintain the systemic acid-base balance, other compensatory ammonia transport pathways may exist. Thus, in knockout mice for the ammonia transporters, RhBG and RhCG, neither distal tubular acidosis nor hyperammonemia was detected (7) . Most of the studies of renal proximal tubular ammoniagenesis and its adaptive response to acidosis have been carried out in rat (9, 33) and in porcine LLC-PK 1 renal epithelial cell lines (8, 15) . Only few studies were performed in human renal cells. Nissim and States (35) showed that cultured human renal cortical epithelial cells are able to generate ammonia from glutamine and glutamate in a manner that is dependent on the H ϩ concentration in the incubation medium. In our model of metabolic acidosis, HK-2 cells showed an adaptive increase in ammonia production rate after 24 h of acid incubation. Mitochondrial GA overexpression occurred after 48 h of treatment with acidic medium. Within this adaptation period, a higher ammonia excretion rate was observed, together with the upregulation of mtAQP8. Increased glutamine catabolism initially results from a rapid activation of key transport processes, an increased availability of glutamine, and a decrease in product inhibition of the GA and GDH activities (10) . These facts could account for the increment in ammonia excretion without GA overexpression observed after 24 h of acidosis.
Taken together, our results suggest that the mtAQP8 play a role in the ammonia transport in renal proximal tubules.
Using an in vivo model of metabolic acidosis in the rat, we strengthen our finding that chronic acidosis upregulated mtAQP8 expression. mtAQP8 abundance was increased after 7 days of acid loading. At this time, a partial compensation in blood pH and HCO 3 Ϫ concentration and a higher urinary ammonia excretion were observed. These findings reinforce our hypothesis of a role of mtAQP8 in the response of the proximal tubule cells to metabolic acidosis.
During metabolic acidosis, the kidney displays a wide change in gene expression that is spatially and temporally regulated (9, 36) . Most of the proteins that are involved in the transport of ammonia along the different nephron segments, such as NHE3 (1), NHE4 (4), and the apical BSC1/NKCC (42) , are upregulated by diverse mechanisms. One predominant mechanism described for the increased expression of key proteins is the selective stabilization of mRNAs (9) . The key mitochondrial ammoniagenic enzymes, GA and GDH, contain an AU-rich sequence in the 3=-untranslated region of the mRNA that functions as a pH-response element (8) . Moreover, BSC1/NKCC mRNA contains AU-rich elements that are responsible for the pH-induced mRNA stabilization of this transporter (42) . However, because no AU-rich elements are present in the mRNA 3=-untranslated region of AQP8, mechanisms of upregulation other than mRNA stabilization seem to be taking place. In our laboratory, we have described that glucagon promoted a decrease in calpain-mediated AQP8 proteolysis in rat hepatocytes (41) . During metabolic acidosis, the decreased expression of other proteases (e.g., cathepsin B) may contribute to the decreased rate of protein turnover (9) . Further studies will be needed to identify the molecular mechanism of mtAQP8 upregulation in the proximal tubule.
In summary, using a human renal proximal tubule cell line, we found for the first time that 1) AQP8 is expressed in mitochondria of human proximal tubule cells, 2) the knockdown of mtAQP8 expression induced a decrease in the rate of ammonia released in the culture medium in cells grown at pH 7.4, and in response to acid exposure (pH 6.9), and 3) mtAQP8 expression was upregulated in response to metabolic acidosis. The mtAQP8 upregulation was also found in an in vivo rat model of metabolic acidosis. These data suggest that AQP8 could play an important role in the adaptive response of proximal tubule cells to acidosis possibly facilitating mitochondrial ammonia transport.
